S
taphylococcus aureus has been recognized as a cause of foodborne illness since the late nineteenth century (1) . Identification of this potential pathogen is important for food safety because approximately 35% of S. aureus strains produce at least one type of heat-stable enterotoxin that can cause intoxication and food poisoning (1) . However, presumptive identification of this pathogen has not changed dramatically since the early 1960s (2) . Classically, the bacteria are selectively enumerated in the presence of high concentrations of lithium chloride and potassium tellurite. S. aureus are further distinguished from other bacteria by their ability to reduce tellurite to tellurium and to produce the enzyme lecithinase, which reacts with egg yolk. Tellurite-positive colonies are gray-to-black, whereas tellurite-negative colonies are colorless. Lecithinase (egg yolk)-positive bacteria form opaque zones around the colony. A zone of clearing around the opaque halos may also be present. The selective and differential medium that incorporates these components is egg yolk-tellurite-glycine-pyruvate agar, more commonly called Baird-Parker agar (BPA). Typical S. aureus colonies on BPA are "gray to jet-black, frequently with light-colored (off-white) margin, surrounded by an opaque zone and frequently with an outer clear zone" (3) . Suspect or presumptive typical and atypical colonies are further identified by coagulase testing. Overnight brain-heart-infusion (BHI) cultures are mixed with rabbit plasma and observed for up to 6 h for the presence of a firm, fibrous clot (3, 4) .
An alternative confirmatory test for differentiating S. aureus from other staphylococcal species was described in 1969 (5) . This method detects the presence of nucleases that can withstand treatment with boiling water. A method change that incorporated the use of toluidine blue O dye (TBO) in lieu of the acridine orange overlay method (5) originally used to detect hydrolyzed DNA was specified by Lachica et al. (6) . This method, originally developed for use among food isolates, detects and differentiates thermostable nuclease (thermonuclease, TNase) from bacterial strains. Petri-dish-well (7) and microslide methods (6) confirm overnight BHI broth cultures after 10-15 min immersion in a boiling water bath. In a further refinement of the method, thermonuclease-positive colonies are directly differentiated on the surface of BPA plates by an overlay of TBO/DNA agar after heat inactivation of the bacteria (8) . Direct enzyme detection methods have been used to differentiate S. aureus from non-S. aureus isolates among food (5, 6) , veterinary (9) , and clinical isolates (7) .
The 3M™ Petrifilm™ Rapid S. aureus Count (RSA) Plate (3M Company, St. Paul, MN) enumerates S. aureus in foods. This plate has an 18-month shelflife. The Petrifilm RSA plate consists of 2 parts: a plating medium that contains a water-soluble gelling agent and is optimized for the growth of staphylococcal bacteria yet inhibitory to the growth of most non-staphylococcal bacteria, and the 3M™ Petrifilm™ Thermostable Nuclease Reactive Disk (TNase reaction disk) consisting of a substrate and dyes that differentiate thermonuclease-positive from negative colonies.
The object of this study was to compare the Petrifilm RSA plate with the coagulase test for the identification and recovery of S. aureus from pure cultures, from foods inoculated with pure cultures, and from naturally contaminated food samples. The comparisons were made to methods found in the FDA Bacteriological Analytical Manual (BAM; 3) and in Standard Methods for the Examination of Dairy Products (SMEDP; 4).
Experimental

Test Organisms
Bacteria for the study of pure cultures were derived from lyophilized preparations purchased directly from the American Type Culture Collection (ATCC; Manassas, VA) or were taken from frozen stock cultures of food isolates that had been identified by reference methods before freezing. Frozen cultures were stored at -84EC in either 15% glycerol or defibrinated sheep blood.
Working cultures were maintained on tryptic soy agar plates (TSA; [Difco Laboratories, Detroit, MI]) that were stored at 4-8EC. Broth cultures in tryptic soy broth (TSB; Difco) were planted from these working cultures, incubated overnight at 35EC, and then used to prepare dilutions for pure culture studies or studies conducted on artificially inoculated food samples.
Identification of Organisms for Pure Cultures
Organisms in pure culture were re-identified by the API TM staph microbial identification system (bioMerieux Vitek, Hazelwood, MO). Organisms were identified according to the manufacturer's directions. The identification strip was used because it provided more information than the supplemental tests recommended in the reference methods (3, 4) , which give only broad classification breakdowns, e.g., differences between (a) staphylococci aureus and non-aureus, (b) micrococci, and (c) catalase-negative bacteria, ignoring other species of staphylococci that are coagulase-positive. We wanted staphylococcal isolates, especially the non-aureus strains, speciated without the expense and time needed to conduct classical biochemical tests (10) . The API strips are not meant to be part of the method for testing foods nor are they to be taken as confirmatory tests.
Preparation of Uninoculated Food Samples
Dairy foods were prepared and evaluated according to SMEDP. Briefly, 11 g food sample was added to 99 mL Butterfield's phosphate-buffered (BPB) dilution water, pH 7.2, before blending (solid samples) or shaking (liquid samples). Nondairy foods were prepared and evaluated according to BAM. A 50 g food sample was added to 450 mL BPB diluent before blending (solids) or shaking (liquids). Diluted samples were adjusted to pH 6.5-7.5 with 1N NaOH or 1N HCl. Additional dilutions were made in serial 1:10 increments.
Preparation of Artificially Inoculated Food Samples
Food samples were prepared and diluted by the same procedure used for uninoculated food samples. The S. aureus food isolates used for artificial inoculation were ATCC 8095, ATCC 27154, ATCC 27664, and ATCC 51740. Each isolate was added at 3 levels of inoculation for the BAM or SMEDP method. In addition, uninoculated portions of the food samples were run with both BAM and SMEDP procedures to determine if any naturally occurring staphylococci requiring confirmation were present in the food. Confirmations were made only when naturally occurring staphylococci were present because the characteristics of the bacteria used for artificial inoculation were already known.
Nondry foods were inoculated after bacteria were grown in TSB overnight at 35EC and diluted to final inoculation levels of ca 10 4 , 10 3 , and 10 2 colony-forming units per gram (CFU/g) food sample. The inoculated nondry foods were held at least 24 h under normal food storage conditions before evaluation. Dry foods were inoculated by adding known amounts of lyophilized S. aureus strains at final levels similar to those in the nondry study. Inoculated dry foods were held under normal food storage conditions for 1 week before evaluation. Food sample dilutions were prepared according to SMEDP (dairy) and BAM (nondairy) for countable plates (<100 CFU/method) for both methods at the 3 inoculation levels. BPA plates were inoculated, incubated, and enumerated as described in the reference methods. Confirmation with the coagulase test was performed only on samples that showed colonies presumed to be S. aureus in the uninoculated controls.
Microbiological Analyses
Reference method (Figure 1 ).-Three BPA plates were inoculated with 0.3, 0.3, and 0.4 mL portions from appropriate dilutions for each pure strain or food sample. Inocula were spread over the surface of each plate with a sterile, bent-glass rod (3, 4) . Because our purpose was to determine if counts obtained with the Petrifilm RSA method are similar to those with the reference method, a second set of 3 plates was inoculated from the same dilution bottle to provide more reliable statistical estimates of the average count per milliliter. Colonies were counted after incubation at 35EC for 45-48 h. Representative presumptive-positive colonies were identified according to BAM and SMEDP and were selected for coagulase as described below. The counts from each set of 3 plates were totaled to determine (CFU/mL). The average of the 2 sets of plates was used for comparative purposes.
Petrifilm plate method (Figure 1 ).-Petrifilm RSA plates were inoculated with appropriate dilutions of sample (pure cultures or food). Briefly, 1.0 mL was sampled from the same dilute suspension used to inoculate plates for the reference method. Because the Petrifilm plate holds 1 mL, it was not necessary to use 3 plates. Again, duplicate 1.0 mL portions were sampled from each bottle plated.
The Petrifilm RSA films were separated at the open edge away from the hinge area. A 1 mL portion of sample was inoculated into the well at the center of the bottom film. The top film was carefully lowered onto the bottom film and inoculum fluid. The fluid was then dispersed to the edge of the well with the Petrifilm RSA plastic spreading device. Petrifilm RSA plates were incubated at 35EC for 24 ± 2 h, and were then heat-inactivated at 60EC for 60 ± 5 min. Longer inactivation times would not ensure viability of isolates selected for follow-up coagulase tests. Plates were allowed to cool to room temperature. TNase reaction disks were then inserted between the film layers of the heat-inactivated Petrifilm RSA plates. The plates with TNase reaction disks were incubated at 35EC for up to 3 h and were then evaluated for colonies with pink zones around red, blue, or colorless centers. These colonies were counted as S. aureus. Colonies without pink zones were considered to be atypical and non-S. aureus. The average of duplicate Petrifilm RSA counts was used for comparative purposes.
Coagulase Tests
Colonies to be tested for coagulase production were selected from either BPA or Petrifilm plates and streaked to TSA (Figure 2 ). After the pink zones on the Petrifilm plate were counted, the films were separated and the center of a well-isolated colony, surrounded by a pink zone, was picked and streaked to TSA. Up to 5 typical and 5 atypical (non-S. aureus) colonies were selected. TSA plates were used for the reference method to eliminate any advantage the Petrifilm method might gain by exposing the bacteria to a noninhibitory environment before coagulase testing. For the reference method, up to 5 typical and 5 atypical colonies presumed to be staphylococci were each selected and plated. TSA plates were incubated overnight at 35EC ( Figure 2 ).
Colonies from each TSA plate were planted in 0.25 mL BHI (Difco). BHI cultures were incubated for 18-24 h at 35EC. A 0.5 mL amount of rabbit plasma preserved with ethylene diamine tetraacetic acid (EDTA) was then added to each tube of BHI, and the tubes were re-incubated at 35EC for an additional 6 h. Finished coagulase tests were observed for clotting. Only firm complete clots (4 + ) were recorded as positive.
Study Design
The study was divided into 5 distinct phases: (1) evaluations of coagulase and TNase reactions among S. aureus and non-S. aureus organisms in pure culture; (2) interference by non-S. aureus organisms in pure culture; (3) recovery of S. aureus from pure culture; (4) recovery of S. aureus from uninoculated food products; and (5) recovery of S. aureus from artificially inoculated food products.
Coagulase and TNase Reactions of Pure Cultures
A total of 216 strains of bacteria (Table 1) were inoculated from pure cultures into TSB and incubated overnight at 35EC. Cultures were diluted in BPB to a concentration of ca 100 CFU/mL and transfered to BPA and Petrifilm RSA plates that were incubated at 35EC for 45-48 h and 24 ± 2 h, respectively. Coagulase tests were performed as described above (Table 1) .
Sensitivity and specificity determinations for the classical and Petrifilm plate methods were made based upon microbial identification with API strips. Pure cultures were identified according to the manufacturer's directions.
Organism Interference and Recovery: Studies on Pure Cultures
After overnight incubation in TSB, 38 pure cultures of non-S. aureus (Table 2) , identified by API strips, were diluted in BPB to a concentration of ca 100 organisms/mL. Three BPA plates were inoculated with 0.3, 0.3, and 0.4 mL; the inoculum was spread with a sterile, bent-glass rod, in duplicate (i.e., a total of 6 BPA plates were inoculated). Duplicate Petrifilm RSA plates were inoculated from the same suspension used to inoculate BPA plates. Plates were incubated, and colonies were counted and tested for coagulase as described above. Duplicate Petrifilm Aerobic Count (AC) plates were also inoculated with 1.0 mL portions of each bacterial suspension and incubated at 35EC for 48 h to serve as inoculum control ( Table 2) .
Recovery of S. aureus from Pure Cultures
After overnight incubation in TSB, 33 pure cultures of S. aureus (Table 3) , identified by API strips, were diluted in BPB to a concentration of ca 100 organisms/mL. Three BPA plates were inoculated with 0.3, 0.3, and 0.4 mL; the inoculum was spread with a sterile, bent-glass rod, in duplicate (i.e., a total of 6 BPA plates were inoculated). Duplicate Petrifilm RSA plates were inoculated from the same suspension used to inoculate the BPA plates. Plates were incubated, and colonies were counted and tested for coagulase as described above. Duplicate Petrifilm AC plates were also inoculated with 1.0 mL portions of each bacterial suspension and incubated at 35EC for 48 h to serve as inoculum control (Table 3) . 
Studies on Uninoculated Food Products
Because the level of S. aureus contamination in most foods was anticipated to be low, 20 samples from each of 20 different food groups (Table 4) were evaluated for natural contamination with S. aureus. Samples were prepared and plated as described above. Duplicate 1.0 mL portions were transferred to BPA and Petrifilm RSA plates, 6 plates for BPA and 2 for the Petrifilm method (Table 4) .
Studies on Inoculated Food Products
Because the incidence of natural S. aureus contamination was expected to be <10% in foods, food samples were artificially inoculated to ensure sufficient data to evaluate the performance of the Petrifilm RSA plate for a wide variety of foods. Ten samples from each of 23 food groups (Table 4) were analyzed, each at 3 levels of inoculation for comparison of the BPA and Petrifilm RSA methods.
Data Analysis
For qualitative comparison of the coagulase and TNase reactions among 219 bacterial isolates, sensitivity and specificity were defined by the following formulae: Sensitivity = coagulase or TNase method positive total API S aureu . s × 100 Specificity = coagulase or TNase method negative total API non-S a . ureus × 100
Raw counts were converted to log 10 counts to more nearly match the underlying assumption of normality. For both the organism interference phase (Table 2 ) and the recovery phase (Table 3) , counts were compared by calculating the quality test statistic (qts) for the averages of each of the paired raw counts: qts = (average test count) (average BPA count) square roo − t of the average BPA count
The qts represents the distance in standard deviations between the counts for 2 methods. Petrifilm plate counts giving a qts of <-3 or >3 were considered significantly different from the BPA count. The log difference for each paired test was also calculated for the recovery phase.
For the evaluation of naturally contaminated and inoculated foods, a paired t-test by inoculation level was used to compare the Petrifilm-RSA-plate method with the BPA-plus-coagulase method. Table 5 compares the reactions of 216 of the 219 pure cultures of bacteria by the BPA-plus-coagulase or the Petrifilm-RSA-plate method with identification by the API staph identification strip. Three organisms were eliminated from the data set because the API identifications did not agree with the original identifications supplied by the research laboratory or with the observed coagulase or TNase reactions. Elimination of these 3 strains had no affect on statistical conclusions. The BPA-plus-coagulase method had sensitivity and specificity of 87.6 and 97.5%, respectively. The Petrifilm-RSA-plate method had sensitivity and specificity of 97.9 and 95.0%, respectively. The difference in sensitivity is statistically significant (p ≤ 0.05). The Petrifilm-RSA-plate method correctly identified 10 more (95/97) S. aureus strains than did the coagulase method (85/97). The specificity of the methods was similar: the coagulase method agreed with the API method for 116 of 119 non-S. aureus isolates; the Petrifilm RSA agreed with the API method for 113 of 119 non-S. aureus isolates (Table 5) . Tables 2 and 3 compare counts from the BPA and Petrifilm-RSA-plate methods for non-S. aureus and S. aureus strains, respectively. Table 2 shows the strains of non-S. aureus, their source (if known), the average Petrifilm AC count, average counts for the BPA and Petrifilm-RSA-plate methods, and the quality test statistic. Table 3 shows similar data for the S. aureus strains. In addition, Table 3 shows the difference in log counts between the 2 methods.
Results
Among the 38 non-S. aureus isolates, 2 strains (S. intermedius ATCC 29663 and S. hyicus PK16B) were TNase positive on the Petrifilm RSA plate. None of the 38 strains had typical colonies on BPA.
Among the 33 S. aureus isolates, 2 strains (S. aureus ATCC 27664 and ATCC 27661) gave qts values of <-3 and log differences ≤-0.2. One of these strains, S. aureus ATCC 27664, was used for the artificial inoculation phase of this study without showing this discrepancy in recovery. Therefore, it is likely that the discrepancy seen with this organism tested in pure culture was an aberrant result.
Evaluating all 33 S. aureus strains, approximately 27% (9/33) had counts on the Petrifilm RSA plates that were lower than those on the BPA plates. Seven of 9 of these strains had differences in log counts of 0.11 or less. Twenty-three strains had counts on Petrifilm RSA plates greater than those on BPA. Of these, 4 strains had a qts value of >3. The remaining 19 strains had log differences of 0.16 or less with a qts within the acceptable range. One of 33 strains, S. aureus ATCC 12600, had identical counts on the 2 methods (qts and log difference equal to zero). Tables 6-9 compare the Petrifilm-RSA-plate method and the BPA method for naturally contaminated foods (Table 6) and artificially contaminated foods (Tables 7-9 ). The tables list the food type, the number of samples used in the analysis, the mean log difference between the 2 methods for each food type, the standard error of the mean, the t-value and the p-value associated with the statistical test (Tables 6-9) .
Only 3 food types were naturally contaminated. The mean log S. aureus counts per gram were not significantly different for 2 of these 3 food types at the uninoculated level ( Table 6 ). The mean log S. aureus counts per gram for raw meat were higher with the Petrifilm-RSA-plate method.
The mean log S. aureus counts per gram were not significantly different for 20 of the 23 food types at the low inoculation level ( Table 7 ). The mean log S. aureus counts per gram for frozen potatoes were higher with the Petrifilm-RSA-plate method.
At the medium inoculation level, the mean log S. aureus counts per gram were not significantly different for 14 of the 23 food types (Table 8) . Of the 9 food types for which differences occurred, the mean log S. aureus counts per gram for frozen potatoes and ready-to-eat desserts were higher with the Petrifilm-RSA-plate method. The differences for the remaining 7 foods were <1.5 CFU/g.
At the high inoculation level, the mean log S. aureus counts per gram were not significantly different for 19 of the 22 food types ( Table 9 ). The mean log S. aureus counts per gram for frozen potatoes and ready-to-eat desserts were higher with the Petrifilm plate method. The difference for nondairy creamer was <1 CFU/g. Dried potatoes appeared to inhibit the added bacteria when inoculated at this level. Repeated attempts to inoculate this food at the high inoculation level gave samples without counts in either method. This phenomenon is not un- derstood but has not been observed in other studies of the Petrifilm RSA plate.
Discussion
Detection of S. aureus is important to the food industry because a high percentage of these bacteria produce heat-stable enterotoxins that can cause significant illness if ingested. The reference method for most food testing done worldwide is the presumptive identification of S. aureus using BPA followed by confirmation with rabbit-plasma coagulation. This reference method takes from 48 h for a sample with no organism requiring follow-up confirmation, to 69-96 h to produce confirmed results on samples with colonies presumed to be S. aureus. At best, the method is semi-quantitative because only a few representative colonies are selected for confirmation.
The Petrifilm RSA plate has shown results similar to the reference method and takes less than one-third the time to final results, 26-30 h. It is truly quantitative because every colony is tested for production of TNase.
In this study, when pure cultures of organisms were tested, TNase was significantly (p < 0.05) more efficient than the 4 + coagulase test as a singular, confirmed identifier of S. aureus. This significant difference may have been influenced by the decision to accept as confirmed only those tests that formed a firm, complete clot, as described in the reference methods. The reference methods require that weaker clots be followed up with a battery of tests, e.g., TNase, before ruling the presence of S. aureus in or out. It is not surprising, then, that TNase used as a single screening test is more sensitive than coagulase as an identifier: 97.9 versus 87.6%, respectively.
As expected, both screening tests produced some false-positive (organisms not really S. aureus) results. Positive results for both tests are typical for S. intermedius, and all 3 isolates in this study were typical. That is, both methods would be expected to classify these isolates as S. aureus. The positive TNase results with the 3 strains of S. hyicus were also expected (11) .
The positive results with either S. intermedius or S. hyicus do not argue against the usefulness of either high that they had to be estimated and should not have been counted because they exceeded the upper limits of statistical reliability. Data were included in the analysis only because the number of samples was small to begin with. Further study would be required to determine if this lower recovery rate for Petrifilm plates represents a true difference. Generally, the classical and Petrifilm RSA methods appear to be similar.
Conclusions
Results with the Petrifilm RSA method were similar to those of the BPA-plus-coagulase method with pure cultures of organisms, naturally contaminated foods, and artificially inoculated foods. The Petrifilm RSA plate gave confirmed results in approximately one-half to one-third of the time required for the reference method, and the results were truly quantitative. This new Petrifilm method provides the added advantages of a convenient, space-saving and waste-reducing, sample-ready medium with a long shelflife.
